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Abstract
The largest component in the fully dark-adapted ERG is a corneal-positive response, known as the b-wave, and believed to
originate from depolarizing (ON-type) bipolar cells. The two types of GABA receptors, GABAA and GABAC have been reported
to exist on bipolar cells in rat retina. The goal of these experiments was to find whether these GABA receptors participate in the
generation of the b-wave of electroretinogram (ERG). ERGs were recorded from the isolated rat retinas. The P2(t) component,
obtained by subtracting the ERGs measured before the application of 50 mM APB from those measured after the application of
50 mM APB, was used as an indicator of depolarizing bipolar cell activity. Photovoltages, the fast P3(t) component of ERG, were
registered between the two microelectrodes across the rod outer segments. Bicuculline and 3-aminopropylphosphonic acid
(3-APA) were used as selective antagonists of GABAA and GABAC receptors, respectively. It was found that the GABAA and
GABAC receptors antagonists have opposite effects on the b-wave: bicuculline increased the b-wave amplitude, while 3-APA
reduced the amplitude of the b-wave. Neither bicuculline nor 3-APA affect photoreceptors. © 2000 Elsevier Science Ltd. All rights
reserved.
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1. Introduction
The mammalian electroretinogram (ERG) is a com-
bination of several components with different polarities,
originating from distinct types of retinal cells (Granit,
1933; Penn & Hagins, 1972; Hood & Birch, 1990, 1992;
Robson & Frishman, 1995; Shiells & Falk, 1999). The
largest component in the fully dark-adapted ERG is a
corneal-positive response, known as the b-wave, named
PII by Granit (1933), and believed to originate from
depolarizing (ON-type) bipolar cells (Stockton &
Slaughter, 1989; Gurevich & Slaughter, 1993; Robson
& Frishman, 1995; Hanitzsch, Lichtenberger & Mattig,
1996; Green & Kapousta-Bruneau, 1999b; Karwoski &
Xu, 1999). Since the assessment of the b-wave is widely
used in clinical diagnostic procedures (see for example
Asi & Perlman, 1992; Sieving, 1993; Nordmann, 1996;
Block & Schwarz, 1998), a clear understanding of its
origin should benefit clinical applications as well as
fundamental research.
The mechanisms involved in the b-wave formation
have been actively investigated but they still remain
unclear. The role of g-aminobutyric acid (GABA), the
major inhibitory transmitter in the central nervous sys-
tem, including the retina (see for review: Yazulla, 1986),
in the formation of the b-wave still remains controver-
sial. Application of GABA was reported to increase the
b-wave of ERG recorded in vivo from cat (Naarendorp
& Sieving, 1991; Naarendorp, Hitchcock & Sieving,
1993) and to decrease it in isolated rabbit retina (Gott-
lob, Wundsch & Pflug, 1985; Gottlob, Wundsch &
Tuppy, 1988). Application of bicuculline, a specific
antagonist of GABAA receptor, was shown to decrease
the b-wave of ERG recorded in vivo (Naarendorp et
al., 1993) and in vitro (Frumkes, Nelson & Pflug, 1995)
from cat, although at low concentration bicuculline
reportedly increased the b-wave of ERG in cat
(Niemeyer, 1981). At the same time bicuculline de-
creases the b-wave of ERG recorded in vitro from
rabbit (Gottlob et al., 1985, 1987) and in vivo from rat
(Yoshida, Ueno, Saito & Tamai, 1992). Thus, the
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GABAA receptors seem to be involved into b-wave
shaping. Whether the GABAC receptor is participating
as well as the GABAA receptor remain unclear. Here
we report experimental results demonstrating the in-
volvement and distinct roles of two types of GABA
receptors in the formation of ERG and its components
in rat retina.
It is well established that GABAA and GABAC re-
ceptors are ionotropic and gate Cl channels (Bor-
mann, Hamill & Sakmann, 1987; Enz & Cutting, 1998).
They are located on axon terminals of rod and cone
depolarizing bipolar cells in the rat retina (Fletcher,
Koulen & Wa¨ssle, 1998; Koulen, Brandsta¨tter, Enz,
Bormann & Wa¨ssle, 1998), but have distinct pharmaco-
logical and physiological properties (see for review
Lukasiewicz, 1996; Feigenspan & Borman, 1998). It
was recently discovered that GABAA and GABAC re-
ceptors are clustering at different synapses of bipolar
cell axon terminals (Koulen et al., 1998). To the best of
our knowledge, of all types of neurons in mammalian
retina, only the rod and cone depolarizing bipolar cells
undoubtedly contain GABAC receptor (Enz, Brandsta¨t-
ter, Wa¨ssle & Bormann, 1996; Lukasiewicz & Wong,
1997). In contrast, GABAA receptors have been found
in nearly every type of retinal neuron in the rat retina
(Hughes, Gru¨nert & Karten, 1991; Vardi, Masarachia
& Sterling, 1992; Greferath, Muller, Wa¨ssle, Shivers &
Seeburg, 1993; Grigorenko & Yeh, 1994; Blanco, Va-
quero & De LaVilla, 1996; Reichelt, Hernandez,
Damian, Kisaalita & Jordan, 1996). Based on these
facts, we naturally assume that both types of GABA
receptors located on the depolarizing bipolar cells may
play distinct functional roles in the generation of light-
evoked responses, especially the b-wave.
In our attempt to clarify the roles of GABAA and
GABAC receptors in the generation of light-evoked
responses in the rat retina we apply a set of experimen-
tal strategies which recently were described in detail
(Green & Kapousta-Bruneau, 1999a,b; Kapousta-
Bruneau, 1999). In this study we focus on the P2(t)
component, which we isolate using DL2-amino-4-phos-
phonobutyric acid (APB). Our experiments prove that
both GABAA and GABAC receptors play significant
and distinct roles in the generation of the light-evoked
responses in rat retina; moreover, their blockade has
opposite effects on the b-wave of the ERG. A prelimi-
nary report of these results has been published (Ka-
pousta-Bruneau, 1998).
2. Methods
2.1. Preparation
The retinas were excised from albino rats (Sprague
Dawley), which were reared in 12:12-h cycle of dim
light and darkness to avoid retinal light damage. The
light intensity in various parts of the animal room
ranged between 20 and 70 Lux during light cycle.
Before each experiment rats were kept in the dark for
10–12 h. The animals were anesthetized with intraperi-
toneal injections of sodium pentobarbital (30 mg:kg)
prior to decapitation. Only infrared light was used
during the preparation and recording procedures. All
manipulations were done using night vision devices
(NAV-3, Intevac, Palo Alto, CA). The preparation
technique, superfusion solutions, construction of the
perfusion chamber, and recording procedures have been
described in detail (Green & Kapousta-Bruneau,
1999a).
2.2. Perfusion solutions
The basic Ringer solution used to superfuse the
retina was composed of (in mM): NaCl, 110; KCl, 5;
Na2HPO4, 0.8; NaH2PO4, 0.1; NaHCO3, 30; MgSO4, 1;
CaCl2, 1.8; glucose, 22; glutamine, 0.25. The solution
was bubbled in storage bottles with a mixture of 95%
O2 and 5% CO2 using fine-pored air stones. The solu-
tion flowing over the retina could be rapidly switched
to other solutions containing the components of the
basic Ringer solution plus known concentrations of
chemicals which were used as specific blockers of par-
ticular types of receptors on retinal neurons. The
GABAA receptor antagonist bicuculline (methiodide),
GABAC receptor antagonist 3-APA (aminopropylphos-
phonic acid) and glutamate receptor agonists APB
(DL2-amino-4-phosphonobutyric acid) were purchased
from Sigma (Sigma, St. Louis, MO). Selective non-
NMDA receptor antagonist DNQX (6,7-Dini-
troquinoxaline-2,3-dione) was obtained from Research
Biochemicals Inc. (RBI, Natick, MA). Selective
NMDA receptor antagonist MK-801 (( )MK 801
maleate (5R,10S)-( )-5Methyl-10,11-dihydro-5H-
dibenzo[a,d]cyclohepten-5,10-imine:Dizocilpine) was
obtained from TOCRIS (Ballwin, MO). We used 3-
APA to suppress GABAC receptor even though this
substance is known as a weak agonist for GABAB
receptor. Our reason to use it was based on our exper-
iments which imply that baclofen (specific agonist for
GABAB receptor) have no significant effect on the
transretinal ERG.
In the present study we used 50 mM APB, 100 mM
bicuculline, 500 mM 3-APA, 25 mM DNQX and 25 mM
MK-801 (Table 1). We have found that all of these
drugs produced rapidly (1–2 min) specific effects on the
ERG waveforms that are completely reversible. The
effects are reversible in the sense that there is complete
restoration of the waveform of the transretinal ERG
after the drug is washed out of the retina. Typically, all
signals are restored within 15–20 min.
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The temperature of the perfusing media was main-
tained at 36–37°C. The pH of all solutions was 7.45–
7.55. The time required for the new solution to reach
the retina was approximately 2 min, and the fluid
exchange was 90% complete within another 1 min.
2.3. Recordings
Transretinal ERG recordings were made using a
glass micropipette filled with Ringer solution positioned
at the tips of the outer segments and referenced to an
Ag–AgCl electrode (model E202, IVM, Healdsburg,
CA, USA) located under the retina. The borosilicate
(Corning No. 7740; Sutter Instruments) micropipettes
had tip diameters of 3–5 mm and resistances of 5–25
MV. Rod photovoltages were recorded between a mi-
cropipette, which was advanced 45–50 mm into the
retina and a second micropipette at the tips of the rod
outer segments (Green & Kapousta-Bruneau, 1999b).
Light evoked responses from isolated retina were
recorded with a high gain amplifier (CyberAmp, Axon
Instruments, CA), filtered at 400 Hz, digitized (A:D
converter model NB-MIO-16X; National Instruments,
Austin, TX) and then stored and subsequently analyzed
with a minicomputer (Apple Computer, Cupertino,
CA) using LabVIEW software (version 4.0, National
Instruments). Each record contained 2400 points with a
1 ms sampling period, including 50 pre-stimulus points,
which were used for estimates of the noise level. In data
analysis, we used the record beginning from the 51st
point in order to avoid the artifacts induced by the brief
electronic flash (see below), which were occasionally
observed in the records at the 50th point.
2.4. Stimulation
The light stimulus was brief (less than 1 ms duration)
and monochromatic (500 nm), derived from a commer-
cial photoflash unit. The intensity and color of the light
were controlled by placing calibrated neutral-density
and interference filters in the stimulus beam. The timing
of the flash presentation was under computer control.
Data were collected using a fixed set of stimuli in which
the light intensity increased progressively in approxi-
mately 0.5 log steps. Low intensity flashes were inter-
posed between brighter flashes to assure that there was
sufficient time between flashes for the sensitivity of the
retina to be restored. A 12 s interstimuli interval (ISI)
with low intensity responses, and a 60 s ISI with the
highest intensity responses were sufficient for the mea-
sured response amplitudes to be unaffected by earlier
flashes.
The quantum flux on the retina was estimated in the
following manner. The photon flux (l500 nm) falling
on the isolated retina from a 150-W xenon arc lamp
was directly measured using a calibrated radiometric
detector (United Detector Technology, S370,
Hawthorne, CA). The flux per rod was calculated by
assuming half the light is absorbed (Hagins, Penn &
Yoshikami, 1970; Penn & Hagins, 1972) and each rod
has a cross-sectional area of 2.3 mm2 (Cone, 1963).
Stimulus duration from the xenon arc lamp (40 ms) was
controlled by an electronic shutter (Uniblitz, Model
VS25, Vincent Associates, Rochester, NY) under com-
puter control. For the purposes of calibrating at low
light intensities transretinal ERGs were measured using
both brief electronic flashes and 40 ms shuttered stim-
uli. When equal amplitudes of b-wave responses were
obtained for both types of stimuli it was assumed that
the retina had absorbed equal numbers of quanta:flash.
In the experiments presented in this paper the brief
electronic flashes were used except for experiments with
inner retina neurons blockers, MK-801 and DNQX. As
clearly noted in the text and figure captions in those
experiments we used 40 ms shuttered stimuli in both
control and drug treated retinas.
2.5. Data analysis
The digitized responses were analyzed and plotted
using MATLAB (version 4.2, Math Works, Inc., Nat-
ick, MA). The peak amplitudes of the recorded ERGs
and their components were measured by fitting second
order polynomials to the segments of the response
containing the peak (see Green, Herreros de Tejada &
Glover, 1991 for additional details). The amplitude of
the first negative peak of the ERG was defined as the
a-wave amplitude. The voltage measured from the neg-
ative peak (a-wave) to the first positive peak defines the
b-wave amplitude.
We isolated the oscillatory potentials (OPs) from the
total ERG using a bandpass Butterworth filter of the
fifth order (a program in MATLAB version 4.2, Math
Works, Inc., Natick, MA). This filter has a magnitude
response that is maximally flat in the passband between
3 dB points at 75 and 300 Hz. In the transretinal
ERG recorded in response to bright light stimuli (2065
quanta:rod:flash) we can identify several OPs, which
are observed at specific delay times after the flash of
light. We measured the overall power of the oscilla-
tions, which we calculated as the mean of squared
Table 1
Specific receptor antagonists used in the study
Receptor subtypeAntagonist
GABAABicuculline
GABAC3-APA
Picrotoxin Both GABAA and GABAC
DNQX KA:AMPA type of iGlu receptor
NMDA type of iGlu receptorMK-801
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Fig. 1. Effects of GABAA and GABAC receptor antagonists on ERG recorded transretinally from isolated rat retina. (A) An example of ERG
responses recorded at the same high intensity ( 2065 quanta:rod:flash) are compared: in control medium (solid line), response is the average from
21 retinas; in the presence of 100 mM bicuculline (dotted line), response is the average from ten retinas; in the presence of 500 mM 3-APA (dashed
line), response is the average from 11 retinas. (B) Amplitude of the b-wave as a function of the flash intensity obtained: in the presence of 100
mM bicuculline (, dotted line), in the presence of 500 mM 3-APA (, dashed line) and in control medium (, solid line). Responses recorded
at varied light intensity. Each point is the average of 21 experiments. Vertical lines represent standard error.
values of filtered ERG in the time frame between 1 ms
after the flash (point c51) and 91 ms after the flash
(point c141).
Statistical significance was set at PB0.05 using Stu-
dent’s paired t-test with two-tails distributions (Micro-
soft Exel 5, Microsoft Corporation, Seattle, WA).
3. Results
3.1. Effects of specific antagonists to GABAA and
GABAC receptors on the transretinal ERG
We have found that the specific antagonists bicu-
culline, which suppresses GABAA receptors, and 3-
APA, which suppresses GABAC receptors, have
pronounced, distinct, and opposite effects on the ERG
measured in isolated rat retina as shown in Fig. 1.
Fig. 1A presents averaged transretinal ERGs mea-
sured in response to the same high light intensity (2065
quanta:rod:flash) under three types of conditions: in
control medium (solid line), in the presence of 100 mM
bicuculline (dotted line), and in the presence of 500 mM
3-APA (dashed line). All three responses are overlaid
for the sake of comparison. As seen in Fig. 1A, bicu-
culline significantly increased the b-wave amplitude,
while 3-APA strongly reduced the amplitude of the
b-wave. The a-wave amplitudes were not affected by
these antagonists. The wavelets, or oscillatory poten-
tials (OPs), which are seen on the leading edge of the
b-wave in the control recording, disappeared in the
presence of bicuculline and were noticeably enhanced in
the presence of 3-APA. Thus the two antagonists have
opposite effects on the b-wave and on the OPs. It is
noteworthy that their opposite effects on the b-wave
amplitude are observed over the entire range of light
intensities, as shown in Fig. 1B. The b-wave amplitudes
are statistically different under the three types of condi-
tions, as proved by the values of the Student criteria,
PB0.002 for bicuculline and PB0.005 for 3-APA.
Interestingly, Fig. 1B implies that the b-wave suppres-
sion caused by 3-APA is pronounced in the entire range
of intensities, while the b-wave enhancement caused by
bicuculline is more significant at medium and high
intensities of the light stimuli.
Interpreting these data we conclude that both
GABAA and GABAC receptors are involved in pro-
cesses leading to the generation of the b-wave. Our
results imply that the processes in the retina neural
network, which act through GABAA receptors, sup-
press the b-wave, while the processes involving GABAC
receptors enhance the b-wave. Both types of processes
may involve the depolarizing bipolar cells, which are
known to contain both types of GABA receptors and
serve as the major source of the b-wave in rat retina. In
addition, the modulatory effects from other types of
retinal neurons may also contribute to the b-wave
generation.
So far depolarizing bipolar cells are the single type of
retinal neurons known to possess both types of GABA
receptors. Therefore, it is interesting to see what hap-
pens to the b-wave if both types of GABA receptors are
blocked. To investigate this question, we measured the
ERG in the presence of 100 mM picrotoxin, which is
known to block both types of GABA receptors. We
found that picrotoxin did not cause any significant
effects on the b-wave of the ERG in the isolated rat
retina (data not shown). This finding means that
GABAA and GABAC receptors could be involved in
opposite modulatory effects shaping the b-wave, and
that in rat retina the strengths of these opposite effects
are nearly the same.
The origin of dramatic effects of the blockade of
GABAA and GABAC receptors on the transretinal
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ERG can be elucidated by detailed analysis of its
components. Using our experimental strategies we can
dissect the transretinal ERG into five components:
P3(t), P2(t), P3*(t), the scotopic threshold response (STR)
and the oscillatory potentials (OPs), which belong to
the photoreceptors, depolarizing bipolar cells, Mu¨ller
cells, and inner retina neurons, respectively, as de-
scribed in our previous publications (Green & Ka-
pousta-Bruneau, 1999b; Kapousta-Bruneau, 1999).
Here we use these strategies to investigate how antago-
nists of GABAA and GABAC receptors affect the P3(t)
and P2(t) components.
3.2. GABAA and GABAC receptors antagonists do not
alter the photo6oltages
It is possible that the changes in the b-wave of ERG
might be due to changes in the photoreceptor functions.
We examined this by direct measurements of the photo-
voltages across the rod outer segment layer of the
isolated rat retina, which we denote as the P3(t) compo-
nent (Green & Kapousta-Bruneau, 1999b). The P3(t)
components measured at various light intensities, under
control conditions and in the presence of specific antag-
onists to GABAA and GABAC receptors, are compared
in Fig. 2.
As seen from Fig. 2, the addition of bicuculline or
3-APA had no influence on the kinetics of the photore-
ceptor response (Fig. 2A and B) and on the response-
intensity functions (Fig. 2C) (0.3BPB0.8).
Thus, we can conclude that the suppression of either
GABAA receptors or GABAC receptors does not affect
rod photocurrents in the rat retina.
3.3. Effects of specific antagonists of GABAA and
GABAC receptors on the APB-isolated P2(t) component
of ERG
The major source of the b-wave in rat retina are
depolarizing bipolar cells. Earlier we demonstrated that
the pharmacologically isolated P2(t) component reflects
activity of depolarizing bipolar cells (Green & Ka-
pousta-Bruneau, 1999b). We used the P2(t) component
to measure the effects of GABAA and GABAC recep-
tors antagonists on depolarizing bipolar cells. Fig. 3
shows the P2(t) components obtained under normal
conditions, in the presence of 100 mM bicuculline, and
in the presence of 500 mM 3-APA.
Fig. 2. Effects of GABAA and GABAC receptor antagonists on the photovoltages, P3(t) component. (A) Comparison of the kinetics of the P3(t)
components obtained in control medium (solid line) and in the presence of 100 mM bicuculline (dotted line), responses are the average from eight
retinas. (B) Comparison of the kinetics of the P3(t) components obtained in control medium (solid line) and in the presence of 500 mM 3-APA
(dotted line), responses are the average from ten retinas). Responses shown on A and B were recorded at varied light intensity. The responses have
been lowpass filtered (0–125 Hz). (C) Amplitude of the P3(t) component as a function of the flash intensity: in the presence of 100 mM bicuculline
(, dotted line), in the presence of 500 mM 3-APA (, dashed line) and in control medium (, solid line). Plots are the averages from 18
experiments with bars indicating the standard error.
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Fig. 3. Comparison of the kinetics of the P2(t) components. (A) P2(t) components obtained at the same light intensity, 2065 quanta:rod:flash, in
the control medium (solid line), response is average from 18 retinas; in the presence of 100 mM bicuculline (dotted line), response is the average
from eight retinas; and in the presence of 500 mM 3-APA (dashed line), response is the average from ten retinas. (B) Amplitude of the P2(t)
component as a function of the flash intensity obtained: in the presence of 100 mM bicuculline (, dotted line), in the presence of 500 mM 3-APA
(, dashed line) and in control medium (, solid line). Each point is the average of 18 experiments. Vertical lines represent standard error.
As in the case of the transretinal ERG, we have
found that suppression of GABAA receptors with bicu-
culline significantly increased the P2(t) amplitude (PB
0.008), while suppression of GABAC receptors with
3-APA greatly reduced the amplitude of P2(t) (PB
0.006). Fig. 3A shows the average P2(t) components
obtained at the same intensity of stimuli 2065 quanta:
rod:flash; Fig. 3B shows the amplitudes of the P2(t)
component as functions of light intensity. The opposite
effects of GABA receptors antagonists are statistically
significant in the entire range of intensities. Similar to
the changes in the transretinal ERG (Fig. 1), the in-
crease of the P2(t) amplitude caused by bicuculline is
noticeable and statistically significant at low intensities,
but becomes much greater under medium and high
light intensities, while the decrease of the P2(t) ampli-
tude caused by 3-APA is well pronounced at all light
intensities.
Thus GABAA receptors act to depress the P2(t) com-
ponent, while GABAC receptors act to enhance it.
Intriguingly, the same depolarizing bipolar cells contain
both types of GABA receptors, whose responses to the
same transmitter GABA produce opposite effects on
the P2(t) component. It should be noted that in addition
to the contribution from depolarizing bipolar cells, the
P2(t) component contains minor components of ERG
that originate from inner retina neurons: the scotopic
threshold response (STR), which are pronounced at
lowest light intensities, and the OPs, which are seen at
high light intensities. Since inner retina neurons also
contain GABA receptors, their antagonists may influ-
ence the secondary effects of feedback from the inner
retina neural network, in addition to the possible direct
action on depolarizing bipolar cells.
We took advantage of the well preserved integrity of
retina neural network in our preparation and attempted
to investigate whether the antagonists of GABA recep-
tors directly act on depolarizing bipolar cells or affect
the processes involving inner retina neurons.
3.4. Effects of specific antagonists of GABAA and
GABAC receptors on the P2(t) component obtained in
the presence of glutamate receptor antagonists
To eliminate the light-evoked excitatory input from
depolarizing bipolar cells to third order neurons, which
may create a feedback from inner retinal neurons
(Tachibana & Kaneko, 1988; Hartveit, 1996; Dong &
Werblin, 1998), we used MK-801, known as selective
antagonist of NMDA type of ionotropic glutamate
(iGlu) receptor, and DNQX, known as selective antag-
onist of KA:AMPA type of iGlu receptor (Table 1).
We believe that when 25 mM MK-801 and 25 mM
DNQX are added together, the resulting ‘pure’ P2(t)
component does not contain contributions from inner
retina neurons and therefore mainly reflects the activity
of depolarizing bipolar cells.
In the experiments summarized in Fig. 4, we compare
the ‘pure’ P2(t) component with the P2(t) component
obtained in the presence of 25 mM MK-801, 25 mM
DNQX, and 100 mM bicuculline, in order to estimate
whether GABAA receptors participate in the generation
of light-evoked responses produced by depolarizing
bipolar cells. Using the same logic to find whether
GABAC receptors are involved in the generation of
light-evoked responses from depolarizing bipolar cells,
we compare the ‘pure’ P2(t) component with the P2(t)
component obtained in the presence of 25 mM MK-801,
25 mM DNQX, and 500 mM 3-APA. Fig. 4 shows the
results of this comparison.
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Fig. 4A presents the P2(t) component obtained from
the ERG evoked by light flashes at the same intensity
of 2200 quanta:rod:flash under three conditions. The
solid line shows the ‘pure’ P2(t) component obtained in
the presence of both blockers of inner retinal neurons,
MK-801 and DNQX, as explained above. The dotted
line represents the P2(t) component obtained in the
presence of MK-801, DNQX, and bicuculline; the
dashed line shows the P2(t) component obtained in the
presence of MK-801, DNQX, and 3-APA. Although
the time course of the P2(t) component seems a bit
altered in the presence of glutamate receptor blockers,
it is obvious that bicuculline still has strong effect on
the P2(t) component obtained in the presence of MK-
801 and DNQX by increasing its amplitude, while
3-APA has a very little effect on it. Fig. 4B shows the
three intensity-response functions and proves that this
distinction is observed in a broad entire range of light
intensities (0.005BPB0.02).
Thus it is evident that the suppression of inner retina
neurons eliminates the effect of the GABAC receptor
blockage with 3-APA, while the effect of the GABAA
receptor blockage with bicuculline is not eliminated.
This distinction is valid at all light intensities used in
our experiments.
3.5. Effects of specific antagonists of GABAA and
GABAC receptors on the P2(t) component obtained in
the presence of NMDA receptor antagonist
It has been shown that iGlu receptors are differently
distributed on retinal neurons: the NMDA-type recep-
tors exist mainly on inner retina neurons, while the
receptors of the KA:AMPA type exist on outer retina
neurons as well as on inner retina neurons (Massey &
Redburn, 1987; Brandsta¨tter, Hartveit, Sassoe-Pognetto
& Wa¨ssle, 1994; Mu¨ller, Greferath, Wa¨ssle, Wisden &
Seeburg, 1994; Brandsta¨tter, Koulen & Wa¨ssle, 1998).
In our further attempt to investigate the effects of the
retina neural network we applied specific antagonists to
these two types of receptors. In Fig. 5 we show the
results obtained with MK-801, which suppresses the
activity of the NMDA type of iGlu receptor, pre-
sumably located on neurons in the inner retina.
The responses superimposed in Fig. 5A are the P2(t)
components obtained in the presence of only 25 mM
MK-801 (solid line), in the presence of 100 mM of
bicuculline and 25 mM MK-801 (dotted line), and in the
presence of 500 mM of 3-APA and 25 mM MK-801
(dashed line). From Fig. 5A it is clear that the effects of
3-APA were not eliminated by the application of MK-
801: the P2(t) component was suppressed. The effects of
bicuculline are also pronounced (although in a slightly
smaller proportion): the P2(t) component increased
(compare with results in Fig. 3A obtained without
MK-801). The intensity-response functions shown in
Fig. 5B demonstrate that the changes of the P2(t)
component amplitude are observed in the entire range
of intensities, and that they are similar to those shown
for the b-wave amplitude in Fig. 1B, and for the P2(t)
component amplitude obtained without any blockers of
iGlu receptors in Fig. 3B.
From these results we can conclude that the neurons
containing the NMDA-type of iGlu receptors are prob-
ably not involved in the modulatory GABA effects on
the light-evoked response produced by depolarizing
bipolar cells in the rat retina.
Fig. 4. The P2 component obtained with blockage of inner and outer retina neurons with MK-801 and DNQX. (A) Comparison of the waveform
of the P2(t) component obtained in the presence of 25 mM MK-801 and 25 mM DNQX with P2(t) component obtained in the presence of 25 mM
MK-801, 25 mM DNQX and 500 mM 3-APA. The P2(t) components were obtained from the ERG evoked by 40 ms flashes at the same intensity,
2200 quanta:rod:flash. Responses are the averages from eight retinas. (B) Amplitude of the P2(t) component as a function of the flash intensity
obtained: in the presence of 25 mM MK-801, 25 mM DNQX and 100 mM bicuculline (, dotted line), in the presence of 25 mM MK-801, 25 mM
DNQX and 500 mM 3-APA (, dashed line) and in the presence of 25 mM MK-801 and 25 mM DNQX (, solid line). Each point is the average
from eight experiments. Vertical lines represent standard error.
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Fig. 5. The P2(t) component obtained with blockage of retina neurons, which contain NMDA type of glutamate receptors with MK-801. (A)
Comparison of the waveform of the P2(t) component, obtained in the presence of 500 mM 3-APA and 25 mM MK-801 (dashed line), in the
presence of 100 mM bicuculline and 25 mM MK-801 (dotted line) and in the presence of only 25 mM MK-801 (solid line). The P2(t) were obtained
from the ERG evoked by brief flashes. Responses are the averages from five retinas. (B) Amplitude of the P2(t) component as a function of the
flash intensity obtained: in the presence of 25 mM MK-801 and 100 mM bicuculline (, dotted line), in the presence of 25 mM MK-801 and 500
mM 3-APA (, dashed line) and in the presence of 25 mM MK-801 (, solid line). Each point is the average from ten experiments. Vertical lines
represent standard error.
Fig. 6. The P2(t) component obtained with blockage of retina neurons, which contain the KA:AMPA type of glutamate receptors with DNQX.
(A) Comparison of the waveform of the P2(t) component, obtained in the presence of 500 mM 3-APA and 25 mM DNQX (dashed line), in the
presence of 100 mM of bicuculline and 25 mM DNQX (dotted line) and in the presence only 25 mM DNQX (solid line). The P2(t) were obtained
from the ERG evoked by brief flashes. Responses are the averages from five retinas. (B) Amplitude of the P2(t) component as a function of the
flash intensity obtained: in the presence of 25 mM DNQX and 100 mM bicuculline (, dotted line), in the presence of 25 mM DNQX and 500
mM 3-APA (, dashed line) and in the presence of 25 mM DNQX (, solid line). Each point is the average from ten experiments. Vertical lines
represent standard error.
3.6. Effects of specific antagonists of GABAA and
GABAC receptors on the P2(t) component obtained in
the presence of KA:AMPA receptor antagonist
From the difference between Figs. 4 and 5, we as-
sumed that DNQX alone should suppress the effect of
GABAC receptor blockage. To test this assumption, we
measured the effect of the specific antagonists to
GABA receptors on the P2(t) component obtained in
the presence of DNQX in the same way as we have
done for MK-801. The results shown in Fig. 6 prove
our assumption.
In the presence of DNQX, the P2(t) component
obtained after the addition of 3-APA is very similar to
the P2(t) component obtained without 3-APA, while the
addition of bicuculline still has a strong enhancing
effect on the P2(t) amplitude, which is pronounced both
in the kinetic traces (Fig. 6A) and in the intensity-re-
sponse functions (Fig. 6B).
The results obtained in this series of experiments are
very similar to those presented in Fig. 4, where we used
both antagonists of iGlu receptors to suppress the
influence of inner retinal neurons on the P2(t) compo-
nent. Now we can conclude that the neurons containing
the KA:AMPA type of iGlu receptors probably partici-
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pate in the modulatory effects of GABA on the light-
evoked responses produced by depolarizing bipolar
cells in rat retina.
3.7. Effects of GABAA and GABAC receptors
antagonists on the minor components of ERG
We have shown that GABA is involved in shaping
the b-wave of ERG through direct action on depolariz-
ing bipolar cells. We also mentioned, that both antago-
nists may affect the third order neurons. In this chapter
we show in detail how bicuculline and 3-APA affect the
minor component of ERG, which represent the activity
of third order neurons.
At least two components of the ERG are known to
represent the activity of third order neurons in mam-
malian retina: the OPs and the STR (Ogden, 1973;
Sieving, Frishman & Steinberg, 1986; Vaegan & Millar,
1994; Wachtmeister, 1998). We have estimated whether
bicuculline and 3-APA affect these minor components
of ERG in the isolated rat retina.
3.8. The STR
In a series of experiments using the lowest stimuli
intensities (below the range shown in Figs. 1–6), we
found that both GABA receptor antagonists noticeably
affect the STR (Fig. 7).
The transretinal ERGs recorded at the three lowest
intensities (0.01, 0.04 and 0.09 quanta:rod:flash) in the
presence of bicuculline (dotted lines) and in control
medium (solid lines) are compared in Fig. 7A; those
recorded at the same intensities in the presence of
3-APA (dotted lines) and in control medium (solid
lines) are compared in Fig. 7B. From Fig. 7 it is clear
that the kinetics of the ERGs are significantly and
distinctly changed by each of the GABA receptor
blockers. Surprisingly, the STR recorded in the pres-
ence of bicuculline are enhanced as well as the b-wave,
and the responses return to the base line much faster
than in the controls. The STR recorded in the presence
of 3-APA are also enhanced, but the kinetics of the
responses seems to be unchanged, and the curves could
be scaled to those recorded in the control medium by
using a linear factor.
From these results we conclude that both GABAA
and GABAC receptors participate in the development
of the STR and seemingly suppress it. These data are in
contradiction with results obtained in cat: Naarendorp
et al. have shown that bicuculline decreases the STR as
well as the b-wave (Naarendorp & Sieving, 1991;
Naarendorp et al., 1993). We can explain this contra-
diction by species difference.
3.9. The OPs
As we already emphasized, bicuculline and 3-APA
clearly have opposite effects on the OPs (Fig. 1A). By
means of computerized data analysis, we isolate the
OPs from the ERGs by using a bandpass Butterworth
filter of the fifth order (see Section 2 for details).
Typical results are shown in Fig. 8.
In Fig. 8A and B each curve represents a small
fraction of the ERG corresponding to the rising edge of
the a-wave (the complete ERGs are shown in Fig. 1A).
Since the temporal resolution is greatly enhanced in
Fig. 8 A and B, the individual data points are shown
with markers (circles for control, squares for bicu-
culline, and crosses for 3-APA) and connected with
straight lines (solid for control, dotted for bicuculline
and 3-APA) using linear interpolation. From Fig. 8 A
and B it is clear that bicuculline strongly suppresses the
OPs, while 3-APA enhances the amplitudes of OPs. The
suppression and enhancement of OPs is assessed using
Fig. 7. Effect of GABA receptor antagonists on the scotopic threshold response (STR). (A) Transretinal ERGs in response to dim light (0.01, 0.04,
0.09 quanta:rod:flash), recorded in the presence of 100 mM bicuculline (dotted line) and in control medium (solid line). Responses are averaged
from ten retinas. (B) Transretinal ERGs in response to dim light (0.01, 0.04, 0.09 quanta:rod:flash), recorded in the presence of 500 mM 3-APA
(dotted line) and in control medium (solid line). Responses are averaged from 11 retinas.
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Fig. 8. Effect of GABA receptor antagonists on the oscillatory potentials (OPs). (A) Comparison of the OPs in the presence of 100 mM bicuculline
(, dotted line) and in control medium (, solid line), obtained by filtering the transretinal ERG to a bright flash (2065.4 quanta:rod:flash) at
75–300 Hz. (B) Comparison of the OPs in the presence of 500 mM 3-APA ( , dotted line) and in control medium (, solid line), obtained as
in A. (C) Comparison of the overall power of the OPs. Open bar: overall power of the OPs, which we calculated as the mean of squared values
of filtered ERG in the time frame between 1 ms after the flash and 91 ms after the flash, in control medium. Filled bar: overall power of the OPs,
obtained in the presence of GABA receptor antagonists. Error bars are standard deviations (n10).
overall power values calculated as the mean of squared
values of filtered ERG in the time frame between 1 and
91 ms after the flash. The overall power values shown
in Fig. 8C reveal the strong suppressing effect of bicu-
culline on the OPs and enhancing effect of 3-APA.
From these results we conclude that the third order
neurons are strongly suppressed by the blockage of
GABAA receptors and activated by the blockage of
GABAC receptors in the rat retina.
4. Discussion
We have shown that GABAA and GABAC receptors
antagonists have opposite effects on the b-wave of
ERG recorded transretinally from the isolated rat
retina (Fig. 1). Interestingly, the suppression of GABAA
receptors with bicuculline causes an increase of the
b-wave amplitude, which is more pronounced at
medium and high light intensities, while the suppression
of GABAC receptors with 3-APA causes a decrease of
b-wave amplitude over the entire range of light intensi-
ties (Fig. 1B).
The a-wave of the transretinal ERG is not affected
upon application of the specific antagonists of GABAA
and GABAC receptors (Fig. 1A). Our direct measure-
ments of photovoltages across the photoreceptor outer
segment layer with two microelectrodes (Fig. 2) proved
that both the amplitude and the kinetics of these photo-
voltages remained unchanged in the presence of bicu-
culline or 3-APA. With our method we only measure
the outer segment photovoltages, therefore we do not
know what happens in the synaptic terminal of the
photoreceptors. Possible participation of horizontal
cells in the increase of the b-wave amplitude upon the
blockade of GABAA receptors with bicuculline is dis-
cussed below.
Using our experimental strategies (Green & Ka-
pousta-Bruneau, 1999b; Kapousta-Bruneau, 1999), we
isolated the P2(t) component, which equals the alge-
braic difference between the control ERG and the ERG
recorded in the presence of APB. We have found strong
effects of the GABA receptor antagonists on the P2(t)
component, similar to their effects on the b-wave. As in
the case of the b-wave, the increase of the P2(t) compo-
nent amplitude caused by bicuculline is more pro-
nounced in the responses to light stimuli of medium
and high intensities, while the decrease of P2(t) compo-
nent amplitude due to suppression of GABAC receptors
with 3-APA is equally strong over the entire range of
light intensities (Fig. 3B). This finding agrees with
recent data concerning the relative abundance of
GABAA and GABAC receptors on depolarizing bipolar
cells in rat retina: GABAA receptors are predominantly
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located on the cone bipolar cells, while GABAC recep-
tors are predominantly located on rod bipolar cells
(Euler & Wa¨ssle, 1998). The magnitude of suppression
of the P2(t) component amplitude is greater upon the
blockade of GABAC receptors, possibly because the
contribution of the rod bipolar cells to the formation of
the P2(t) component is larger in the rod-dominated rat
retina.
The P2(t) component is interesting because it serves
as a major constituent of the b-wave. As shown before,
the P2(t) component reflects the activity of depolarizing
bipolar cells and also contains contribution from the
inner retina neurons (Kapousta-Bruneau, 1999). Here
we have found that the signals originating in the inner
retina, the STR and the OPs, are affected by both
antagonists of GABAA and GABAC receptors (Figs. 7
and 8). Therefore the changes in the P2(t) component
upon selective blockade of GABAA and GABAC recep-
tors can be caused either by direct effects of the antag-
onists on GABA receptors located on depolarizing
bipolar cells or by secondary effects from inner retina
neurons to depolarizing bipolar cells. The suppression
of all types of iGlu receptors, which should block
possible feed-back from inner retina, eliminated the
effects of 3-APA, but did not eliminate the effect of
bicuculline on the P2(t) component (Fig. 4). This find-
ing implies that GABAC receptors on depolarizing
bipolar cells may receive a modulatory influence from
inner retina neurons, while GABAA receptors are not
susceptible to such influence.
The next step of our research was an attempt to
determine which of the inner retina neurons are in-
volved in the modulatory effects of GABA on the
light-evoked responses produced by depolarizing bipo-
lar cells in the rat retina. We found that suppression of
the NMDA type of iGlu receptor with MK-801 did not
eliminate neither the effects of bicuculline, nor the
effects of 3-APA on the P2(t) component (Fig. 5), while
suppression of the KA:AMPA type of iGlu receptor
with DNQX only eliminated the effects of 3-APA (Fig.
6). Therefore we conclude it is most likely that only the
inner retina neurons, which contain iGlu receptors of
KA:AMPA type produce feed-back to the depolarizing
bipolar cells via their GABAC receptors. Our conclu-
sion is in agreement with Hartveit’s results obtained in
a rat retinal slice preparation, which suggested that in
rat retina there might be feed-back from amacrine cells,
which contain non-NMDA receptors, to bipolar cell
axon terminals (Hartveit, 1996).
Our experimental techniques do not allow us take
into account the participation of horizontal cells in the
retina light-evoked responses. As mentioned above, one
may hypothesize an inhibitory influence of horizontal
cells on photoreceptors via GABAA receptors in rat
retina, as it has been shown in retinas of cold-blooded
animals (Kaneko & Tashibana, 1986; Wu, 1991), be-
cause it was shown by immunocytochemistry that the
weak staining for GABAA receptors was found in cones
(Greferath et al., 1993) and in rods (Grigorenko & Yeh,
1994) in rat retina. If so, then the increase of the P2(t)
component amplitude (and the increase of the b-wave
amplitude in ERG) upon application of bicuculline
might be a secondary effect caused by the blockade of
GABAA receptors on the photoreceptors, eliminating
the inhibitory influence of horizontal cells. Based on
our experiments, we cannot accept such an explanation,
because when we suppressed the contribution of inner
retinal neurons into the P2(t) component by blocking
iGlu receptors, we also eliminated the possible influence
of horizontal cells, since they contain KA:AMPA re-
ceptors. As seen in Fig. 4, the effects of bicuculline on
the P2(t) component was still present under these
conditions.
Therefore our findings allow us to make the follow-
ing assumptions. Most likely, the GABAA receptors,
located on depolarizing bipolar cells, act to depress the
light-evoked response of these cells. We can explain this
fact by assuming that the GABAA receptors located on
depolarizing bipolar cells act to produce a nearly con-
stant ‘shunting current’ in the dark (stimulated by
sustained GABA release) and that bicuculline sup-
presses this current by blocking these GABAA recep-
tors. In contrast, the action of GABAC receptors
seemingly enhances the response from depolarizing
bipolar cells as a secondary effect due to depressing the
inhibitory feedback from the third order neurons (pos-
sibly via transient, light-evoked GABA release). Our
finding about increasing the minor components of
ERG, which reflects the inner retina neurons activity,
by suppression of GABAC receptors with 3-APA (Figs.
7B and 8B) is in good agreement with last assumption.
But, one could wonder where GABA can come from in
the retina during DNQX and MK-801 application?
This is a valid question, because all known GABA-ergic
neurons, such as horizontal and amacrine cells, should
be blocked by these glutamate antagonists. Although
we cannot elucidate this question as yet, we believe that
contemporary studies of numerous research groups fo-
cused on neural interactions in the retinal network will
provide a satisfactory explanation in the near future.
On the other hand, the experimental findings reported
here may also be of value for testing new hypotheses
about neurotransmission in the retina.
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